Phage ST-I and a host range mutant, ST-I h, the only members of the q~XI74 class of bacteriophage capable of growth on male strains of Escherichia coli, were characterized with respect to their growth requirements and physical properties. These phage were found to be separable on the basis of host range and antigenic properties but not by density or morphology. Phage ST-I showed a strict requirement for the presence of divalent cations in order for growth to occur. This requirement was shown to be at the attachment stage in the infection process. Maximal adsorption kinetics occurred in the presence of o-oi6 M-CaC12 and both ST-I and ST-I h showed a greater response to divalent cations than did ~XI74. The interaction of these phage with isolated bacterial cell walls showed that the adsorption site involved the lipid layers but not the muramic acid portion of the cell wall. The growth of phage ST-I on the mutant bacterial strain w-3IIO/I revealed a strict requirement for the presence of calcium at a period after attachment.
INTRODUCTION
Numerous reports exist of small icosahedral bacteriophage which contain singlestranded deoxyribonucleic acid (DNA) as their genetic complement. The most studied member of this class of phage is ~bXI74 (Sinsheimer, I959) . Bradley (I964) reported the isolation of a single-stranded DNA phage of this morphological grouping (phage ST-I) which is capable of growth on male as well as female strains of Escherichia coll. In addition to being the only member of the ~bXI74 class of phage capable of growth on male strains of E. coli, phage ST-I has been shown to have an antigenic make-up different from that of ~XI74 (Bradley, I97o) . To date, little has been reported concerning phage ST-I. Bleichrodt & Berends-Van Abkoude 0968) showed that both ST-I and q~XI74 possess two inter-convertible forms which differ in their heat sensitivities and adsorptive properties. Bradley (I97o) also demonstrated that ST-I and ~XI74 lyse infected bacteria in a similar manner, as shown by electron microscopic examination.
The present study deals with the kinetics of attachment as well as the chemical nature of the attachment site of phage ST-I. In addition, the isolation and characterization of a calcium-requiring host range mutant of ST-I (phage ST-I h) is described. METHODS Bacteria and bacteriophage. The wild type bacteriophage ~bXI74 and its host, Escherichia coli strain c, were donated by R. L. Sinsheimer and D. T. Brown, respectively. Phage ST-I and its host, E. coli strain w-3I Io, were supplied by J. M. Bowes. A mutant of w-31 Io, which is resistant to phage ST-I, was isolated by infecting w-31 IO in agar with large numbers of ST-I (3 × IO7 phage/plate). One of the resistant colonies which developed upon incubation at 37 °C was picked, purified, and labelled w-31 IO[1 for its resistance to bacteriophage ST-I. A mutant capable of growth on strain w-3Iio/I was isolated by infecting w-3IIo/I with large numbers of ST-I (I × lO 8 phage/plate). One of the ten plaques which developed was picked at random, and the phage was purified by ten serial single-plaque isolations and labelled ST-1 h.
Media. Phage assays were conducted using the agar layer method as described (Sinsheimer, I959) . Plates were incubated at 42 °C for I'5 h and then at room temperature overnight. Since phage ST-I will not form plaques at temperatures below 32 °C (J. M. Bowes, personal communication), plaque formation is essentially complete after 1.5 h.
The media used throughout these experiments were those of Sinsheimer (I 959) as modified by Bowes & Dowell (197o) . The base agar was unchanged while the broth contained o-oi M-MgC12 in place of 3 × Io-4 M-CaC12. The top agar was also modified by the addition of sterile MgCI~, to o.oi M, after autoclaving. Dilutions were carried out in the T2 buffer of Hershey & Chase (I952) .
Growth studies. The above media were used for phage and bacterial assays; however, they were modified to determine the ionic requirements of phage growth. The media were evaluated with respect to (I) varying ratios of sodium and potassium; (z) increasing levels of magnesium; and (3) increasing levels of calcium. These media were used to evaluate the ~XI74, c; ST-I, w-3Iio; ST-I h, w-31Io; and ST-I h, w-3IIo/I phage-bacterial systems. The bacteria were grown in the various media to a concentration of I x IoS/ml. At this time they were infected at a multiplicity of infection of o.I and incubated at 37 °C for 3 h. The cells were lysed by chloroform and cellular debris was sedimented at 4ooo g for 2o min. The resulting lysates were assayed for infectious phage and expressed as the ratio of the final phage titre (P) to the initial phage titre (Po).
Adsorption. Adsorption of phage to bacteria was followed by growing bacteria to a titre of I × Ios/ml, adding potassium cyanide (KCN) to a final concentration of 0"004 M and, after 15 min, adding phage at a multiplicity of infection of o.I. After I h at 37 °C, the cells were centrifuged at 4000 g for 20 min and resuspended in an equal vol. of growth media containing KCN. The cells were washed twice more and resuspended. The supernatant fluids and the cell fraction were assayed for phage, and the results calculated as the percentage of recovered phage.
Adsorption kinetics. The kinetics of phage adsorption to the bacteria were followed by growing bacteria to a titre of I x I oS/ml, then adding KCN to o-oo4 i. After 15 rain, phage was added at a multiplicity of infection of o.I, and 0"9 ml samples removed at 3o s intervals. Each sample was added to o-I ml of the appropriate phage antiserum (inactivation constants approx. 400 min -1) and incubated for 15 min at 37 °C. At the end of 15 min, 9 ml of T2 buffer was added to reduce further adsorption; the fractions were diluted and assayed for unneutralized (i.e. adsorbed) phage. The data were plotted as the percentage of unadsorbed phage vs. time and a point on the linear portion of the curve was selected for calculation of the rate constant K using the equation K = (2.3[Bt)logPo/P~ where B = bacterial concentration, t = time, P0 = initial phage concentration, and P, = phage concentration at time t.
Caesium chloride purification of bacteriophage. The phage suspensions were sedimented through discontinuous CsC1 step gradients prepared in the buffer of Fiers, Lepoutre & Vandendriessche (1965) using a modification of the techniques of Yamamoto et al. (197o) . The gradients, which consisted of 8 layers of CsC1 solution in the 30 ml nitrocellulose tubes for the Spinco SW25. I rotor are schematically illustrated in Fig. I . The equilibrium position for the bacteriophage is indicated by the crosshatched band. The tubes were centrifuged for 2o h at 515oo g and the fractions were collected by puncturing the bottom of the tube. The fraction containing the phage was dialysed for 24 h against 4 litres of o'5 % KC1.
Preparation ofEscherichia coli cellwalls. One litre vol. of bacteria were grown to I x loS/ml, sedimented by centrifuging at 41oo g for 2o min, and resuspended in IO ml of fresh growth media. Bacterial cell walls were prepared using a modification of the sonication technique of Fujimura & Kaesberg (1962) . Resuspended cells were sonicated, on ice, for Io rain (Biosonik sonicator, Bronwill Scientific Co., probe intensity of 7o) and unbroken cells and large debris were removed by centrifuging at 5ooo g for lO min. The supernatant fluid was centrifuged at 5I 5oo g for 9o min in the SW 25"1 rotor of the ultracentrifuge. Sedimented cell wall material was resuspended in to ml of fresh growth media and stored at -7o °C until use. The method for testing phage adsorption to cell wall fragments was that of Brown, MacKenzie & Bayer (197I) and adsorption was indicated by a reduction in phage titre.
RESULTS
A comparison of the physical properties of ST-I, ST-I h and 9~XI74 revealed that all possessed a typical $XI74 morphology upon examination of negatively stained (phosphotungstic acid) preparations in the electron microscope. Micrographs revealed icosahedra with spikes at the vertices and a diam. of 25o__+ lO A. The buoyant densities of these phage were determined by centrifuging in CsC1 gradients. All banded at a density not significantly different from that of ~XI74 (1"4o g/ml, Sinsheimer, 1959) . Serum cross neutralization tests confirmed (Bradley, 197o ) that ST-I and ~XI74 are antigenically distinct; ST-I h was shown to be antigenically similar to the wild type ST-I.
The host ranges of these phages were examined and expressed as the relative plating efficiency, or the ratio of the titre on one bacterial strain to the titre on the specific host. In addition to testing Escherichia coli strains ¢, w-3I IO and w-3t IO/r, a male (Hfr)strain, AB 259, was included. Results of these studies (Table I ) support Bradley's 097o) findings that ¢XI74 and phage ST-I have distinct host ranges; in addition, the broad host range of the mutant STq h could be seen. This phage yields a titre on w-3Ho and AB 259 approx. twice that on w-3I IO/I. Because w-3I so gave more distinct plaques and was a more sensitive indicator, it was used for routine assays of phage ST-I h. The expanded host range of this phage was also evident from the fact that it plated with 28 ~ efficiency on E. coli c. Initial studies with ST-I h revealed that, although plaque formation in agar occurred on w-3IIO/I, growth could not be detected in magnesium-containing liquid media. Media formulations were examined for differences between the agar and liquid media and the significant difference turned out to be that the base agar but not the liquid media contained added calcium (I × Io -3 M-CaCI~).
Variations in the relative levels of sodium and potassium had no significant effect on the ability of the bacterial hosts to support phage replication. The results of experiments to test the effect of added magnesium (Fig. 2) dependent upon the presence of magnesium; however, optimal replication was obtained with as little as o.o02 M added magnesium. Optimal growth of phage ST-I h on w-3110, but not on w-3I IO/I, also required added magnesium. The addition of calcium to the liquid media resulted in the growth of phage ST-I h on the mutant w-3IIOfl (Fig. 3) ; optimal yields were obtained in media which contained o.o 16 M. Calcium concentrations from o.oo to O.Ol M did not affect the yield of ¢X174 grown on Escherichia coli c. Phage ST-I grown on w-31 lO showed less sensitivity to calcium than to magnesium; however, added divalent cations were necessary for growth. The growth of ST-I h on w-31 IO over the same concentrations showed calcium hypersensitivity.
The characteristics of a single cycle of infection were followed, using the method of Ellis & Delbruck (1939) , under conditions which had previously been shown to be capable of supporting phage replication. In all tests there was a uniform burst time of 15 to 17 rain. The burst sizes are shown in Table a corrected for phage which had not adsorbed. Neither the mechanism nor specificity of this effect was further examined. Adsorption studies were conducted to determine the basis for the observed host ranges as well as to define the calcium requirements for the growth of phage ST-I h on the mutant w-3 r Io/r. The wild type ¢XI74 and ST-I adsorbed only to their respective hosts and adsorption of ST-I, but not CX174, was dependent upon the presence of added divalent cations. The adsorption pattern for ST-I h revealed that growth on Escherichia coli c required calcium for the adsorption process. Adsorption to w-3IIO was independent of the divalent cation composition of the media. Phage ST-r h did not adsorb to the mutant w-3IIo/I in the absence of added divalent cations; however, in the presence of either o.oI N-magnesium or o-oi6 M-calcium, adsorption was observed.
The effect of added calcium or magnesium on the rate of adsorption was also examined. Maximal adsorption of ST-I to w-31 IO occurred in the presence of o.o r 6 M-calcium (Fig. 4) , reaching a level of approx. 82 % adsorbed phage. Similar experiments were performed using the CX174, c; ST-I h, w-31 ~ o; and ST-I h, w-311 O/I phage-bacterial systems. In the systems examined, calcium gave maximal rates of adsorption (Table 3 ). The value obtained for the adsorption of ¢X~74 to Escheriehia colic was in agreement with that reported by Bayer & Starkey (x 972) who used bacteria in a stationary growth phase. Phage ST-I required divalent ions for adsorption to w-31 To, while the mutant STq h did not. The adsorption of the mutant ST-I h to its host of isolation w-3I Io/I paralleled the adsorption of ST-I to w-3I IO in that divalent cations were required for adsorption and that calcium gave the maximal rate of adsorption. Phage ST-I h adsorbed to w-3I IO at an equal rate regardless of whether magnesium or calcium was added.
Bacterial cell walls were examined to determine whether the attachment sites for the ST-I phage differed significantly from that of ~SX 174. A preliminary characterization of the attachment site for ~5XI74 on Escherichia colic has been presented by Brown et al. (1971) . One ml of cell wall suspension, representing the yield from I o 1° cells, was incubated with bacteriophage purified in a CsC1 gradient (lO 8 phage in o.I ml) for IO min at 37 °C. The phage titre of this suspension was determined and compared with phage which were similarly treated using liquid media instead of cell walls. The differences in titre were expressed as the percentage of reduction in phage titre. Isolated cell walls were pre-treated by shaking for 5 rain at room temperature with a drop of chloroform, or the cell wall preparations were pre-treated with lysozyme (Worthington, code lys f) at a concentration of 2 × IO -4 g/ml for IO min at 37 °C before the addition of phage.
Results of these experiments using bacteriophage ~bX174 (Table 4) results to those observed with ~XI74. The greatest reduction in phage titres occurred in media which gave the greatest adsorption rate constants. (An exception to the generality is that ST-I will bind to, and give a 45 9/00 reduction in phage titre with, w-3I IO/I cell walls in the presence of o.o16 M-CaCI~. Since this interaction is not reflective of the adsorption to bacterial cells it was not further examined.) Pre-treatment of cell wall fragments with chloroform or lysozyme did not reveal a difference in the chemical composition of the adsorption sites for phage ST-I, ST-I h or ~XI74. Pre-treatment with chloroform generally destroyed the adsorbing capacity of the cell walls. This result supported the hypothesis that the receptors for these phage are composed, at least in part, of the lipid layers of the Escherichia coli cell envelope because these layers are extracted by organic solvents. Treatment of the cell wall preparations with 2 x IO -4 g/ml lysozyme did not reduce the binding capacity of the cell wall, thus the integrity of this layer does not appear to be essential for the attachment of the phage to the cell wall. Brown et al. 0970 have shown that the muramic acid layer is essential for the release of ¢XI74 DNA. These results (Table 4 ) indicate that the chemical nature of the attachment site of the phage ST-t and ST-I h is similar to that of CXw4. Phage ST-I h adsorbed to w-3IIO/I in the presence of added magnesium, but phage growth could not be detected under these conditions. If the infection process had stopped at the reversible attachment phase, a removal of magnesium ions might result in an' elution' of ST-I h from E. coli w-3IIO/I. To investigate this possibility, w-3IIO/I was grown in media containing o.oi M-magnesium and treated with KCN as before. EDTA was added to 0.02 M concentration and allowed to chelate the magnesium ions for I h before or after virus adsorption. Results of this experiment (Table 5) showed that, although the EDTA could successfully remove magnesium and prevent phage binding, it had no effect on phage which had already adsorbed. This indicated that irreversible attachment had occurred. DISCUSSION A mutant of phage ST-I (ST-I h) was isolated which could grow on a mutant of strain w-3iIo (w-3IIO/I) resistant to phage ST-1 but only in the presence of more than o'oo4 M-CaC12, which was specifically required for phage growth. In addition, divalent cations, either Ca ~+ or Mg 2+, were essential for attachment of phage ST-I h to w-3Ilo/I as well as for adsorption of ST-I to strain w-3IIO. Maximal adsorption rates for the phage examined were obtained in the presence of o.oi6 M-CaC12. Whether this was due to the amount or type of ion present is unknown, but it further points out the similarities between the ST-I class of phage and CXw4. The rate constants observed for ¢XI74 were lower than those reported by Fujimura & Kaesberg (I962), Newbold & Sinsheimer 097o), or Bayer & Starkey (I972) when logarithmically growing cells were used. This difference may relate to the phase of the bacterial cultures (late log to stationary), the total ionic composition of the media, as well as to basic differences in the techniques. The use of antisera measured the total adsorption process (infective centre formation), whereas the filtration or sedimentation techniques used in other laboratories led to slightly higher values.
The interaction of phage with isolated cell wall fragments paralleled the adsorption patterns observed with intact bacterial cells as well as reflecting the high adsorption rates in the presence of o.o16 M-calcium. In all cases the greatest reduction in titre occurred in media containing calcium. As previously reported for ~X t 74 by Brown et al. (I 97 I) , pre-treatment of the cell wall fragments with chloroform or lysozyme revealed that the ST-I class of phage required the lipid layers of the cell wall for adsorption but not the muramic acid layer. Preliminary data indicated that the ST-I phage, as well as ~XI74, require, the muramic acid layer of the bacterial cell wall in order for penetration to occur.
All 3 phages, ~bXI74, ST-I and ST-I h, had the same density in CsC1 gradients and the same morphology as determined in the electron microscope. Further studies confirmed the findings of Bradley (197o) that ~XI74 and ST-I were distinct with regard to both host range and antigenic makeup. The mutant phage ST-I h was antigenically related to ST-I and had a host range which spanned that of both ST-I and ~XI74. Dalgarno & Sinsheimer (1968) reported that, for bacteriophage ~bXI74 , cistron H is believed to be responsible for attachment specificity, i.e. host range. Using this criterion, the site of the mutation in phage ST-I h can be tentatively assigned as located in cistron H.
